Summary Weight loss in men in late life was associated with lower bone strength. In contrast, weight gain was not associated with a commensurate increase in bone strength. Future studies should measure concurrent changes in weight and parameters of bone strength and microarchitecture and evaluate potential causal pathways underlying these associations. Introduction Our aim was to determine associations of weight loss with bone strength and microarchitecture. Methods We used data from 1723 community-dwelling men (mean age 84.5 years) who attended the MrOS study Year (Y) 14 exam and had high-resolution peripheral quantitative computed tomography (HR-pQCT) scans at ≥ 1 skeletal sites (distal tibia, distal radius, or diaphyseal tibia). Weight change from Y7 to Y14 exams (mean 7.3 years between exams) was classified as moderate weight loss (loss ≥ 10%), mild weight loss (loss 5 to < 10%), stable weight (< 5% change), or weight gain (gain ≥ 5%). Mean HR-pQCT parameters (95%CI) were calculated by weight change category using linear regression models adjusted for age, race, site, health status, body mass index, limb length, and physical activity. The primary outcome measure was estimated failure load. Results There was a nonlinear association of weight change with failure load at each skeletal site with different associations for weight loss vs. weight gain (p < 0.03). Failure load and total bone mineral density (BMD) at distal sites were lower with greater weight loss with 7.0-7.6% lower failure loads and 4.3-5.8% lower BMDs among men with moderate weight loss compared to those with stable weight (p < 0.01, both comparisons). Cortical, but not trabecular, BMDs at distal sites were lower with greater weight loss. Greater weight loss was associated with lower cortical thickness at all three skeletal sites. Conclusion Weight loss in men in late life is associated with lower peripheral bone strength and total BMD with global measures reflecting cortical but not trabecular parameters.
Introduction
Prior epidemiologic studies including the Osteoporotic Fractures in Men (MrOS) study [1] [2] [3] [4] [5] that have measured concurrent changes in weight and areal hip bone mineral density (BMD) have reported higher rates of bone loss among older adults losing weight. While measurement of areal BMD with dual energy x-ray absorptiometry (DXA) provides good precision and reproducibility and is available in clinical practice settings, DXA does not offer measures of compartment-specific BMD or bone microarchitecture.
The advent of high-resolution peripheral quantitative computed tomography (HR-pQCT) has allowed characterization of cortical and trabecular microarchitecture and compartmentspecific BMD at skeletal sites in the extremities such as the distal radius and tibia. [6] In addition, HR-pQCT images can be used in a finite element analysis, a biomechanical computation method that yields loading scenario-specific, imagebased estimates of bone strength such as the ultimate force required to fracture upon a certain type of fall [7, 8] to virtually obtain estimates of bone strength. Declines in cortical and trabecular BMD with deterioration of microarchitecture at the distal radius and tibia have been observed after marked weight loss following Roux-en-Y gastric bypass in obese younger adults compared with obese nonsurgical controls. [9] However, the effect of weight loss in late life on bone strength and microarchitectural parameters is uncertain.
Our aim was to determine the associations of weight change with bone strength, compartmental BMD, and microarchitecture using data from 1723 men who attended the Year 14 exam of the MrOS study and had highresolution peripheral quantitative computed tomography (HR-pQCT) scans of the distal tibia, distal radius, or diaphyseal tibia.
Methods

Study population
A total of 5994 community-dwelling men ≥ 65 years old were enrolled from 2000 to 2002 in the prospective MrOS study. [10] Participants were recruited from population-based listings in six regions of the USA. [11] Individuals with a history of bilateral hip replacement or the inability to walk without the assistance of another person were not eligible to participate. The institutional review board at each participating institution approved the study protocol and written informed consent was obtained from all participants. This analysis is limited to 1723 men who completed both a clinic visit 3 (year 7 (Y7) examination) and clinic visit 4 (year 14 (Y14) examination), had body weight measured at both examinations, and had HRpQCT scans at the Y14 examination completed for at least one of three skeletal sites (Fig. 1) .
Measurement of weight change
Body weight (indoor clothing, without shoes) was recorded with a scale (calibrated every month) at both Y7 and Y14 examinations (mean (SD) 7.3 (0.5) years between examinations). Weight change was calculated by subtracting Y7 weight from Y14 weight and expressed as a percentage of the Y7 value. For primary analyses, weight change was categorized as moderate weight loss (loss ≥ 10%), mild weight loss (loss 5 to < 10%), stable weight (< 5% loss or gain), or weight gain (gain ≥ 5%) based on standard cut-offs for clinically relevant weight changes in older adults and availability of sufficient numbers of participants in each category. [12, 13] Measurement of HR-pQCT parameters HR-pQCT scans were completed using Scanco XtremeCT II machines (Scanco Medical AG, Brüttisellen, Switzerland), which have a nominal voxel size of 61 μm. Operators were centrally trained and certified to perform the imaging protocol, including an online scan positioning operator calibration procedure that has been shown to reduce inter-operator measurement error for bone outcomes by approximately 50%. [14] Operators acquired scans of the distal radius (9 mm from the articular surface), distal tibia (22 mm from the articular surface), and diaphyseal tibia (centered at 30% of tibial length, as externally measured from tibial plateau proximally to the tibial malleolus at the distal end). [15] The radius from the nondominant arm and the tibia from the ipsilateral leg were scanned except in the case of prior fracture, metal shrapnel or implant, or recent complete non-weight bearing period > 6 weeks during the previous 12 months. Machines were calibrated prior to being used in the present study, and a single cross-calibration density phantom was circulated among the study sites. The between site calibration coefficients were all < 0.6%, and therefore pooled data was used without transformations. [16] The standard local density phantom was scanned on a daily basis to monitor for values that fall outside of the nominal range (8 mg HA/cm 3 ). Centralized quality assurance (QA) and standard analysis of all image data, including micro-finite element analysis (μFEA), was performed.
A central observer read all images for motion artifacts and used an established semi-quantitative five-point grading system (1 = superior, 5 = poor) to score image quality. Images with 4 or 5 were deemed to be of insufficient quality and were excluded from the analytic data set (97% of scans image grade ≤ 3). [17] A fully automated analysis pipeline was developed to segment the radius and tibia for quantification of bone density and structure. [18] For this study, an automated QA algorithm was developed to detect bone segmentation errors. The slice-wise variation in total cross-sectional area was measured to identify contours that failed to locate the outer cortical perimeter of the radius or tibia; cases with an absolute slicewise difference of 2 mm 2 at the diaphysis, and 4 mm 2 at the distal sites, were visually reviewed and manually corrected, as needed. Observed failure rates were < 2 and < 6%, for diaphyseal and distal scans, respectively. Volumetric BMD and cross-sectional area of the total, cortical, and trabecular compartments were measured. Cortical porosity and thickness, and trabecular thickness, separation and number were calculated directly. [19, 20] Linear elastic micro-finite element analysis of a 1% uniaxial compression was performed using a homogenous elastic modulus of 10 GPa and a Poisson's ratio of 0.3 (Scanco FE Software v1.12, Scanco Medical). The failure load was estimated by calculation of the reaction force at which 7.5% of the elements exceed a local effective strain of 0.7%. [21] The cortical load fraction was calculated as the integral force on cortical bone elements, divided by the total reaction force. [22] All participants with outliers (difference from mean > 3 SDs) were reviewed, and those with abnormal anatomic findings at a given skeletal site that precluded analysis (e.g., evidence of prior unreported fracture, osteolytic lesion, ossification injury, severe inflammatory arthritis) were excluded from the analysis at that skeletal site (n = 6 at distal tibia, 17 at distal radius, 0 at diaphyseal tibia) (Fig. 1 ).
Other measurements
At the Y7 examination, participants completed a questionnaire and were interviewed and asked about health status (i.e., overall health compared to people of their own age (excellent, good, fair, poor, or very poor)). Physical activity was assessed using the Physical Activity Scale for the Elderly (PASE). [23] Weight and height (Harpenden stadiometer) measurements were used to calculate body mass index (BMI, kg/m 2 ). Information regarding date of birth and race/ethnicity was collected at the baseline examination. After the baseline examination, surviving participants were contacted every 4 months about clinical fractures. Over 99% of these followup contacts were completed. Fractures were confirmed by review of radiographic reports.
Statistical analysis
Differences in characteristics of the 1723 men included in the analytic cohort at the Y7 exam across weight change categories were compared using chi-squared tests for categorical variables and ANOVA for continuous variables. We used restricted cubic splines to assess whether the associations between weight change and estimated failure load at each skeletal site (primary outcome) were nonlinear. To allow for flexibility in model fit, we chose a spline model with 3 knots placed at the 25th, 50th, and 75th percentiles of percent weight change. We then plotted the spline curve and 95% confidence intervals for estimated failure load at each of the 3 skeletal sites versus percent weight change truncating the upper and lower 5% tails due to sparse data. These graphs suggested the presence of a nonlinear association between weight change and estimated failure load with attenuation of the relationship for those with weight gain, confirming that it was appropriate to express weight change as a categorical variable and that the comparisons of weight change with stable weight might depend on whether there was weight loss or weight gain.
To examine the association of weight change with each HRpQCT parameter, linear regression models were used to calculate adjusted least square means (95% confidence interval (CI)) HR-pQCT parameters by weight change category. Initial models were adjusted for age, race, and study enrollment site; then further adjusted for health status, BMI, limb length and physical activity. To determine if there was evidence that association of weight change with the primary HR-pQCT outcome differed by age or BMI, we also performed analyses testing for interactions between weight change and age and weight change and BMI for prediction of estimated failure load at each of the three skeletal sites. In these analyses, weight change was expressed as a categorical and continuous variable.
Using the Cohen approach [24] for calculating power for the multivariable regression analyses predicting estimated failure load and assuming an alpha significance level of 0.05, a sample size of 1182 participants was needed to detect a small effect size of 0.01. Statistical analysis was performed using SAS (version 9.4; SAS Institute, Cary, NC, USA) and Stata (version 14, Stata Corp, College Station, TX, USA).
Results
Among the 1723 men who comprised the analytical cohort, mean (SD) participant age was 77.2 (4.2) years at the Y7 exam (84. 5 (4.2) years at Y14 exam) and 90.7% were Caucasian. On average, those in the cohort lost weight with mean (SD) percent weight change of − 3.5% (6.7%) between Y7 and Y14. A total of 257 men (14.9%) had moderate weight loss, 410 (23.8%) had mild weight loss, 911 (52.9%) had stable weight, and 145 (8.4%) had weight gain. Characteristics of the cohort overall and by weight change category are shown in Table 1 .
The estimated slope relating weight change and failure load among those with weight loss was significantly different from the slope among those with weight gain (p < 0.03 at all skeletal sites) assuming a linear model with a change point of zero. A nonlinear association between weight change and estimated failure load at each site was also observed in analyses using restricted cubic spline models (Fig. 2) . BMI body mass index, PASE Physical Activity Scale for the Elderly, BMD bone mineral density *ANOVA for continuous variables and chi-square test for categorical variables †Overall n = 1721 ‡Overall n = 1693 §Overall n = 1696 ¶Overall n = 1699
Distal tibia
Estimated failure load and total (integral) BMD at the distal tibia were lower in a graded manner with increasing weight loss in multivariable models with a 7.6% lower failure load and 5.8% lower BMD among those with moderate weight loss compared to those with stable weight (p < 0.001 for both comparisons) ( Table 2) . Weight gain compared with stable weight was associated with higher distal tibia total BMD extending the graded pattern for weight change categories, but weight gain compared with stable weight was not associated with higher distal tibia failure load (Fig. 2a) . Cortical thickness, cortical BMD, and estimated cortical proximal load fraction were also lower in a graded manner with increasing weight loss with a 8.0% lower thickness, 4.3% lower BMD, and 4.8% lower proximal load fraction among those with moderate weight loss compared to those with stable weight (p < 0.001 for all comparisons). There were no significant differences in cortical porosity or any of the trabecular parameters across weight change categories.
Distal radius
Estimated failure load and total BMD at the distal radius were lower in a graded manner with increasing weight loss in multivariable models with a 7.0% lower failure load and 5.3% lower BMD among those with moderate weight loss compared to those with stable weight (p < 0.01 for both comparisons) ( Table 3 ). The graded pattern observed for weight loss categories extended to men with weight gain for distal radius total BMD, but did not extend for failure load (Fig. 2b) . Similar to results for the distal tibia, weight gain compared with stable weight was not associated with a higher distal radius failure load. Cortical BMD and cortical thickness were also lower in a graded manner among those with weight loss compared to those with stable weight with 5.4% lower thickness and 1.9% lower BMD among those with moderate weight loss compared to those with stable weight (p < 0.01 for all comparisons). There were no significant differences in cortical porosity across weight change categories. After adjustment for age, race, and study enrollment site, estimated proximal cortical load fraction significantly varied across weight change categories with lower cortical load fraction among men with weight loss, but these differences were not significant (p = 0.08) in the multivariable model. In addition, trabecular number and trabecular bone volume fraction (but not trabecular thickness or trabecular BMD) significantly varied by weight change category in multivariable models with lower values among men with weight loss.
Diaphyseal tibia
There were no significant differences in estimated failure load or total BMD at the diaphyseal tibia across weight change categories (Table 4) , but the spline curve relating percent weight change versus failure load suggested a pattern similar to that observed at the distal skeletal sites (Fig. 2c) . Cortical thickness was 3.2% lower among men with moderate weight loss compared to those with stable weight (p < 0.01). After adjustment for age, race, and study enrollment site, cortical porosity significantly varied across weight change categories with greater porosity Fig. 2 Restricted cubic spline plot of estimated failure load at a distal tibia by percent weight change, b distal radius by percent weight change, and c diaphyseal tibia by percent weight change among men with weight loss, but these differences were not significant (p = 0.09) in the multivariable model. There were no significant differences in any other diaphyseal tibia HRpQCT parameters by weight change category.
Additional analyses
We found no significant interactions between weight change and age (p for interaction terms ≥ 0.18) or weight change and BMI (p for interaction terms ≥ 0.48) for prediction of estimated failure load at any of the three skeletal sites (data not shown).
Discussion
In this prospective study of community-dwelling older men, we observed a nonlinear association between weight change and bone strength (as measured by FEA estimated failure load at the distal tibia and radius and diaphyseal tibia). Bone strength, total BMD, and cortical BMD at the distal skeletal sites were significantly lower among men with weight loss compared to those with stable weight, but men with weight gain did not have higher bone strength despite a total BMD that was similar to or higher than that among those with stable weight. These findings did not vary by age or body mass index. In addition, weight loss was associated with lower cortical thickness across all three skeletal sites, but was not consistently associated with trabecular parameters at any site.
Our results indicate that decline in body weight commonly observed with advancing age [25] is detrimental to bone strength. This finding is in agreement with those of prospective studies (including investigations from this cohort) that have reported associations of weight loss with higher rates of hip bone loss [1, [3] [4] [5] (measured using dual x-ray absorptiometry) and increased risks of hip fracture. [2, 12, 26] We observed a consistent adverse effect of weight loss on bone strength across distal weight bearing and non-weight bearing sites suggesting that factors in addition to mechanical unloading of the skeleton such as hormonal changes and loss of muscle mass with weight loss likely underlie these associations. [27] However, our results also suggest that weight gain in aged populations is not accompanied by a commensurate increase in bone strength. While previous studies have found lower rates of hip bone loss (measured using dual x-ray absorbtiometry) among older adults with weight gain compared to those with stable weight [2, 3] , prior investigations have also noted similar risks of hip fracture in individuals with weight gain and those with stable weight. [2, 12] Older adults who gain weight are more likely to add fat mass rather than lean mass [28] , but most studies suggest that lean tissue mass has a stronger protective effect on bone compared with fat mass. A previous case-control study of 63 obese postmenopausal women (mean age 69 years) and 126 age-matched normal weight postmenopausal women reported a positive effect of obesity on estimated failure load at the distal tibia and radius, but noted that the higher bone strength among obese women was lower relative to the excess of BMI (especially fat mass) among obese women compared with normal weight controls. [29] Total BMD at the distal tibia and radius in this cohort of older men was lower with increasing degree of weight loss and men with weight gain had a total BMD that was similar to or higher than that among those with stable weight. A prospective study [30] using data from 1364 men and women (mean age 70 years, range 48-95 years) participants in the Framingham Study reported an association of greater weight loss with lower total BMD at the distal tibia that was similar among obese and non-obese participants. However, this investigation did not examine this association at other skeletal sites or evaluate the relationship of weight loss with failure load. A small longitudinal study Table 3 Mean compartmental BMD and bone microarchitecture parameters (95% CI) at distal radius according to weight change category (n = 1638) Weight loss ≥ 10% Weight loss 5 to < 10% Stable weight (loss or gain < 5%)
Weight gain ≥ 5% P value (n = 243) (n = 382) (n = 872) (n = 141) [9] of younger adults with severe obesity (30 undergoing Roux-en-Y gastric bypass surgery and 20 nonsurgical controls) found a 9-10% lower estimated failure load and a 9% lower total BMD at both the distal radius and tibia after gastric bypass (that resulted in marked weight loss of 30% of baseline weight) as compared with controls. Of note, the observed declines in these parameters in the first 12 months after bypass were matched or exceeded by the declines in the subsequent 12-to 24-month period despite a plateauing of weight loss and weight stability in the second year. We found that greater degrees of weight loss were associated with lower cortical thickness across the three skeletal sites and lower cortical BMD at distal sites. However, cortical porosity did not significantly differ across weight change categories. Longitudinal studies have reported associations of advancing age with increases in cortical porosity and declines in cortical BMD and thickness among men and women, though increases in cortical porosity are smaller in men compared with women. [31, 32] It may be that weight loss does not contribute to the age-related increase in cortical porosity or that we failed to detect a true association due to limitations of HR-pQCT scanners in the accurate detection of all cortical pores, especially those with a diameter < 100 μm. [33] Thus, an increase in cortical porosity might be reflected by the apparent reduction in cortical BMD. Furthermore, our cross-sectional study cannot determine whether an increase in cortical porosity results in a shift of the cortical-trabecular boundary due to trabecularization, thus resulting in less consolidated and thinner cortex. The Framingham study [30] that examined the association of weight loss on bone microarchitecture at the distal tibia in obese and non-obese individuals reported that greater weight loss was associated with lower cortical BMD and lower cortical thickness among both groups, but the association of greater weight loss with greater cortical porosity was only observed among non-obese individuals. Cortical BMD was reduced and cortical porosity was greater among obese younger adults experiencing marked weight loss after gastric bypass compared with obese nonsurgical controls. [9] There were no differences in trabecular BMD or other trabecular parameters across weight change categories in our study, except for slightly lower trabecular number and trabecular bone volume fraction at the distal radius among men with weight loss. Thus, the effect of weight loss in late life on bone microarchitecture of the peripheral skeleton, in which the bone marrow compartment is replaced with fat resulting in very little trabecular bone remodeling, may be predominantly on the cortical compartment. Longitudinal studies examining the effect of advancing age on changes in bone microarchitecture have reported a dominance of cortical over trabecular bone loss in both sexes. [31, 32] In the Framingham study, weight loss was associated with lower trabecular number (but not related to trabecular BMD) at the distal tibia. [30] In contrast, declines in trabecular BMD at the distal tibia and radius among younger obese adults were greater after gastric bypass compared with that among nonsurgical controls. [9] This study has several strengths. It was comprised of a large cohort of older men with repeated objective measures of body weight. Centralized quality assurance and standard analysis of HR-pQCT image data were performed. However, this study also has several limitations. The cohort was predominantly Caucasian community-dwelling men, so results may not be generalizable to other populations. Multiple statistical comparisons were performed and some of the observed associations may be explained by chance alone. On the other hand, our findings regarding associations of weight loss with failure load and BMD were consistent across the distal skeletal sites, suggesting that these associations are not spurious. We performed longitudinal measurements of body weight, but the bone strength and microarchitecture parameters were measured at a single point in time. Thus, our study may miss associations that are only apparent when considering change within individuals. The weight gain group comprised less than 9% of the overall cohort and average weight gain in this group was modest in magnitude. The body weight measurements were spaced an average of 7 years apart, and the trajectory of the weight change between these two time points cannot be examined. Future research is needed to explore the relative contributions of changes in fat and lean mass to measures of peripheral bone strength, compartmental BMD, and microarchitecture. Finally, our study has an observational design and the possibility of residual confounding cannot be eliminated.
In conclusion, weight loss among community-dwelling men in late life is associated with detrimental effects on bone strength and total and cortical BMD at distal skeletal sites and detrimental effects on cortical thickness at distal and proximal sites. Weight gain in late life is not associated with a commensurate increase in bone strength. Future studies should measure concurrent changes in body weight and parameters of bone strength, compartmental BMD, and microarchitecture and evaluate potential causal pathways underlying the association.
